The titania and dye-dispersing titania electrodes were prepared by a nitric acid-catalyzed sol-gel process. The dye-dispersing titania contains the dye molecules dispersed on the surface of the individual nanosized titania particles. The photo-cyclic voltammetry (Photo-CV) and photoelectric measurements of the dye-dispersing titania electrodes were conducted in order to clarify the factors changing the conduction band edge of the titania and the open-circuit voltage (V oc ) of the electrodes. The remaining nitrate ions caused a negative shift of conduction band edge of the titania of the dye-dispersing titania. The conduction band edge of the titania was shifted in a negative direction in the electrode containing a greater amount of the dye. These results are due to the adsorption of nitrate ions and the dye-titania complex formation on the titania particle surface. The effect of the dye-titania complex formation on the shift in the titania conduction band edge was greater than that of the adsorption of nitrate ions due to strong interaction between the dye and titania through the carboxylate and quinone-like groups of the dye. The shift in the titania conduction band edge corresponded to the change in the V oc value.
INTRODUCTION
Titania photocatalyst is available for sustainable energy production. In recent decades, dye-sensitized solar cells (DSSCs) based on titania have attracted considerable interest as a new potential electric generator due to their low-cost production and simple fabrication process compared to conventional silicon-type solar cells (1-3). Many efforts have been made in order to achieve a high photoelectric conversion efficiency. In a study, more than an 12% conversion efficiency has been achieved using ruthenium dye complexes as sensitizers (4).
Ruthenium dye complexes are known as superior light harvesting and durable materials, but they are very expensive. Therefore, ruthenium dye complexes are not suitable for the large scale production of such solar cells. Many studies have been performed for developing new dyes to replace the ruthenium dye complexes, for example, merocyanine dyes (5), xanthene dyes (6-10), coumarin dyes (11, 12) , etc. Compared to the ruthenium dye complexes, such organic dyes have two advantages for use in DSSCs. One is the high molar extinction coefficient of the organic dyes due to their oscillator being stronger than those of the metal complexes. The other is that no noble metal such as Ru is contained in the dye molecules.
This reduces the overall cost of the cell production (13) . However, the narrower optical absorption region and higher volatility of such organic dyes than those of the ruthenium dye complexes are the major problems limiting the efficiency of the DSSCs. A combination of some dyes is able to widen the absorption region and a strong bonding of the dyes to the titania surface inhibits their volatilization. Such techniques require a new technology to improve the light-harvesting efficiency from the organic dye molecule.
In our studies, we have used xanthene dyes as a sensitizer for the DSSCs. In order to improve the absorption properties of the dyes, we have tried a new method for the preparation of the working electrodes using the dye-dispersing titania. In a conventional method for preparing the working electrodes of the DSSCs, the dyes are adsorbed onto the titania thin films. This method allows the dye to be adsorbed onto only the surface of the relatively large aggregates of the titania particles. In our original investigation, the dye-dispersing titania films were prepared by a simple sol-gel process and used as the working electrodes. This is one step dip-coating process although the conventional method generally consists of at least three processes, i.e., the nanoparticle preparation, film formation, and dye adsorption (1) (2) (3) (4) (5) .
Unlike the conventional method, this method is expected to allow the dye molecules to be dispersed onto the surface of the individual nanosized titania particles at a molecular level. This is important for improving the light absorption efficiency. The dye-dispersing and dye-adsorbing titania films were previously prepared from the systems containing the initial concentration of fluorescein, 1.0 × 10 −2 mol dm −3 (6) . The concentration of the dye incorporated in the dye-dispersing titania film, 0.32 mol dm −3 , was about five times higher than that of the dye adsorbed on the conventional film, 6.4 × 10 −2 mol dm −3 . The other advantage is the high contact area between the dye and titania. This can improve the 5 dye-titania interaction and electron injection from the individual dye into the titania.
In our previous study, the steam treatment of the dye-dispersing titania films remarkably improved the photoelectric conversion efficiency due not only to the crystallization of the titania, but also to the formation of the dye-titanium LMCT complex on the titania surface (6, 9, 10) . The dye-titania complex formation by the steam treatment was revealed by FTIR and photoelectric measurements. The FTIR spectra of the dye-dispersing titania samples indicated that the chelate complex formation increased the short circuit current and open circuit voltage (V oc ) (6, 9) . Based on the relationship between the increase in the amount of the dye-titania complex and the V oc value, we concluded that the dye-titania complex formation significantly affected the change in the conduction band edge of the titania.
It is important to control the conduction band potential, on which the available energy depends. However, the mechanism for the fact that the dye-titania complex formation changes the conduction band edge of the titania and the V oc value of the titania electrode, is still unclear. In this study, we have tried to control the dye-titania complex formation by changing the dye content in the electrodes.
Actually, there are many methods used for the determination of the position of the conduction band edge. The most common method is the Mott-Schottky plot resulting from the measurement of impedance (14) . Cyclic voltammetry (CV) is also one of methods which can determine the band levels of a semiconductor (15) (16) (17) . Another common method for the determination of the position of the conduction band edge is the measurement of the potential dependence of the photocurrent called the "photocurrent onset measurement" (18, 19) . In this study, the measurement of the photocurrent onset determined by CV during light irradiation for the band-gap excitation of the titania (Photo-CV) was conducted in order to estimate the shift in the conduction band edge of the titania in each electrode.
The photoelectric measurements for the dye-dispersing titania electrodes were also conducted in order to clarify the relationship between the conduction band edge of the titania and the V oc value. 3.0×10 −3 , and 1.0×10 −2 mol dm −3 , were labeled S0, S1, S2, and S3, respectively. Detailed methods for the sample preparation are described in a previous paper (6) .
MATERIALS AND METHODS

Materials
The working electrodes for Photo-CV were prepared by the following steps: (1) The glass plate with the ITO electrode was dip-coated once with S0 and then heated at 500°C for 30 min in order to form the crystalline titania as a substrate layer. This layer plays the role as a bonding layer between the dye-dispersing titania layer and the ITO layer. (2) This electrode was dip-coated 10 times with S0, S1, S2, or S3 and then steam-treated for 120 min and labeled WE-S0, WE-S1, WE-S2, and WE-S3, respectively. The 10-times coating was for obtaining as strong photocurrent signal as possible. In order to clarify the relationship between the amount of the nitrate ions adsorbed on the titania surface and the shift in the conduction band edge of the titania, the WE-S0 electrodes were treated with an aqueous solution of sodium hydroxide for 20 and 40 min, then with an aqueous solution of lithium nitrate, sodium nitrate, or potassium nitrate for 40 min. These were used as the working electrodes for the Photo-CV. The glass plates without ITO were also coated with the dye-dispersing titania sols in order to obtain the XRD patterns of the titania.
The working electrodes for the photoelectric measurements were prepared by the following steps: (1) The ITO electrode was dip-coated 3 times with S0 and then heated at 500°C for 30 min in order to form the crystalline titania. This layer plays the role as a blocking layer in order to suppress the charge recombination at the interface between the dye-dispersing titania layer and the ITO layer (20) (21) (22) . The 3-times coating provided the best performance as the blocking layer. (2) This electrode was dip-coated 5 times with S0, S1, S2, or S3 and then steam-treated for 120 min and labeled PE-S0, PE-S1, PE-S2, and PE-S3, respectively. The 5-times coating provided the best performance of the cells under the present conditions.
Measurements. The crystalline phase of the film samples was determined using an X-ray diffractometer (Rigaku SmartLab). The UV-visible absorption spectra of the prepared electrode samples were observed using a UV-visible-near IR spectrophotometer (Shimadzu before the measurements. The dark current was also measured under the same conditions. The oxidation current was obtained by subtracting the dark current from the photocurrent.
The iodine-based electrolyte was allowed to soak into the space between the electrode sample and the counter Pt electrode. The J-V curves of the electrodes were measured by the potentiostat during visible light (0.40 W cm −2 ) irradiation at a wavelength longer than 400 nm emitted by the 150 W Xe short arc lamp using a sharp cutoff filter. For the J-V measurements of WE-S0, no cutoff filter was used due to the absence of dye in the electrode.
The DC electrical resistance of the ITO electrode was measured using a digital multimeter (ADCMT 7461A). The resistivity values for the ITO electrodes unheated and heated at 500ºC for 30 min were 2.0 × 10 −4 and 4.9 × 10 −4 Ω cm, respectively. The resistivity of the heated ITO was low enough to determine the electric properties of the electrode samples.
The dye powder and the flakes of the dye-dispersing titania film samples were pressed in KBr pellets and their IR spectra were obtained using an FTIR spectrophotometer (Shimadzu IR Prestige-21). The amounts of the dye and nitrate ions adsorbed on the titania surface were estimated from the UV-vis absorption and IR spectra, respectively.
RESULTS AND DISCUSSION
Influence of the dye content on conduction band edge of titania
We conducted the Photo-CV in order to determine the shift in the conduction band edge of the titania in each electrode. The Photo-CV curves for the dye-dispersing titania electrodes were obtained as a function of the dye content and their oxidation currents are shown in Figure 1 .
The three cycles of the Photo-CV curves of WE-S0 are inserted in Figure 1 . A peak at −0.63 V was observed in the first cycle of the Photo-CV of WE-S0, and the peak shifted to a negative voltage after the first cycle. This phenomenon was observed in all the electrode samples. The initial peak can be assigned to the reduction of oxygen adsorbed on the titania surface as shown by Reinhardt et al (23) .
In this study, the titania conduction band edge was estimated from the onset potential of the oxidation current of the third-cyclic Photo-CV curve of each electrode. The values for the electrode with different dye contents are summarized in Table 1 . The onset potential of the oxidation photocurrent was more negative in the electrode containing a greater amount of the dye, indicating that the conduction band edge of the titania shifted to a negative value with the dye content. The conduction band edge of WE-S3 was more negative by about 70 mV than that of WE-S0. Table 1 This result agreed with our prediction. It was reported that xanthene dye molecules formed a chelated complex with the titanium species on the titania surface in the dye-titania systems (24) (25) (26) . We predicted that the negative surface electronic density of the titania would increase with an increase in the amount of the dye-titania complex depending on the dye content in the electrode, which would result in a shift in the conduction band into a more negative direction.
In our previous study, we also concluded that the steam treatment, which promoted the dye-titania complex formation, caused a negative shift in the conduction band edge of the titania (6) . During the treatment, active gaseous water promoted the hydrolysis of the titanium species and enhanced their reactivity. The titanium chelation of the fluorescein species was promoted in the narrow spaces of the titania networks.
Our question is whether there is another factor shifting the conduction band edge of the titania other than the dye-titania complex formation. Actually, there can be many factors changing the conduction band edge of the titania. An adsorbent on the titania surface significantly changed the conduction band edge (27, 28) . The particle size (29) , the surface protonation due to acid treatment (30) (31) (32) , and the dipole moment of the dye adsorbed on the titania (33, 34) are also the factors which shift the conduction band edge of the titania.
Therefore, further investigation is required in order to clarify this problem.
The XRD analysis and SEM observations of the electrodes were conducted in order to examine the influence of the dye content on the particle size. suggested that the possibility of the influence by a quantum size effect in this case is very low.
Another factor, such as the surface protonation, cannot be the reason for such a change because we did not observe any significant change in pH even in the titania sol containing a higher amount of the dye. edge of the dye-dispersing titania. We presume that the dipole moment factor of the dye has a small effect. The dye molecules did not clearly exhibit an anisotropic property because the dye molecules were tightly encapsulated in the narrow spaces surrounded by the titania particles. However, further investigation is needed in order to discuss this problem in another 13 study.
The most likely reason for the change in the conduction band edge vs. the dye content except for the dye-titania complex formation is an adsorbent on the titania surface. The FTIR measurement was conducted in order to identify the species adsorbed on the titania surface of the electrodes. Figure 4 shows the FTIR spectrum of the dye-dispersing titania electrode as a function of the dye content. For comparison, the FTIR spectrum of fluorescein powder is also inserted in Figure 4 . The peaks of the carboxyl C=O stretching vibration and the carboxylate COO − antisymmetric and symmetric stetching vibrations were observed at 1710, 1597, and 1391 cm −1 for the fluorescein powder, respectively. In addition, the band at 1490 cm −1 was assigned to the quinone-like C=O stretching vibration. In WE-S3, the peaks at 1620, 1585, 1470, and 1385 cm −1 were assigned to the absorbed water on the titania surface, the carboxylate COO − antisymmetric stretching and the quinone-like C=O stretching vibrations of fluorescein (6) , and the adsorbed NO 3 − (35), respectively. The carboxylate COO − antisymmetric and quinone-like C=O stretching vibration peaks were shifted to a low wavenumber compared to those observed in the fluorescein powder due to the interaction between the functional groups and the titanium species of the titania. The carboxyl group of fluorescein was transformed to the carboxylate and formed a chelated complex with the titanium species (6) . The peaks at 1620 and 1385 cm −1 were also observed in WE-S0. The nitrate ion still remained on the electrodes even after the steam treatment.
Figure 4
In order to clarify relationship between the amount of the adsorbed nitrate ions and the shift in the conduction band edge of the titania, the FTIR analysis and Photo-CV of the titania electrode were conducted before and after the sodium hydroxide solution treatment. Figure 5 shows the FTIR spectra of each electrode measured before and after the sodium hydroxide treatment in order to confirm the nitrate ion remaining on the titania surface. The intensity of the peak at 1385 cm −1 , assigned to nitrate ion, decreased with the sodium hydroxide treatment, and then the peak completely disappeared in the titania electrode after 40 min. Table 2 It has not been concluded which factor, the dye-titania complex formation or nitrate ion adsorption, has a greater effect on the changes in the conduction band edge of the titania. The initial amount of nitrate ions in the dye-containing titania sol was 10-fold greater than that of the dye. The relative amounts of the dye molecules and nitrate ions adsorbed on the dye-titania gel electrode just after the preparation before steam treatment are assumed to be the same as those in the dye-containing titania sol. Based on this assumption, we calculated the approximate amount of the dye molecules and nitrate ions in the dye-dispersing titania electrode WE-S3 before and after the steam treatment. The UV-vis and FTIR spectra were obtained in order to estimate the amounts of the dye molecules and nitrate ions, respectively. Figure 7 shows the UV-vis and FTIR spectra of WE-S3 before and after the 120-min steam treatment. In the UV-vis spectra, the absorbance of the band at 470-480 nm assigned to the dye absorption decreased by 50% after the steam treatment. The absorbance at the peak assigned to the nitrate ion decreased by two-thirds as shown in the FTIR spectra. As the amounts of the dye molecules and nitrate ions were assumed to be 1 and 10, respectively, in the electrode before the steam treatment, they should be 0.5 and 3.3, respectively, after the steam treatment. Based on this approximate calculation, we concluded that the amount of nitrate ions remaining on the electrode was 6.6 times greater than that of the dye although the negative shift in the conduction band edge was 70 mV and 50 mV by the amount of the dye and nitrate ion, respectively. This result indicated that the effect of the dye-titania complex formation on the shift of the titania conduction band edge was greater than that of the nitrate ion adsorption due to strong interaction between the dye and titania through the carboxylate and quinone-like groups of the dye (6,9).
Figure 7
Relationship between the dye and nitrate ions on the titania surface
We confirmed that the dye-titania complex formation and nitrate ion adsorption shifted the conduction band edge of the titania in a negative direction. We will now discuss a schematic diagram of the relationship between the dye-titania complex formation and nitrate ion adsorption on the titania surface. Our attention focused on the change in the dye-titania interaction found in the COO − peak wavenumber and the change in the amount of the nitrate ion adsorbed on the titania surface vs. the dye content as shown in Figure 4 . The relative intensity of the peak at 1385 cm −1 assigned to NO 3 − decreased with an increase in the dye amount. On the other hand, the amount of the complex should increase with the dye content.
Based on these results, we suggested that the substitution of the dye molecules for the nitrate ions caused by the dye-titania complex formation as shown in Figure 8 , which resulted in the greater negative shift in the titania conduction band edge with the higher dye content. Our previous study indicated that, in the hydrochloric acid-catalyzed sol-gel systems, the fluorescein molecules were adsorbed on the titania surface covered with many hydroxide groups before and after the steam treatment because hydrochloric acid evaporated during the film preparation. In the sulfuric acid systems, the fluorescein molecules were adsorbed on the titania surface covered with many sulfate ions before the steam treatment, and then desorbed into the water phase during the steam treatment because the sulfate ions remained on the titania surface (36) .
Figure 8
Influence of the dye content on photoelectric conversion properties of the dye-dispersing titania electrode
The relationship between the shift in the conduction band edge and the change in V oc with the dye content will now be described. Before this, the influence of the dye content on the absorption spectrum of each electrode was investigated. Figure 9 shows the absorption spectra of the dye-dispersing titania electrodes observed as a function of the dye content. All the electrodes exhibited broad absorption spectra ranging from 420 nm to 550 nm, and the absorption peaks are located around 480-490 nm, indicating that the dye-titania complex was formed on each electrode. The absorbance of the electrode increased with an increase in the dye content, and there is a slight difference in the absorption peaks of each electrode. This result indicated that the dye species in the dye-titania complex was not changed by the dye content. Based on the FTIR and UV-vis absorption spectra, the dye-titania complex species consisted of the anion (at around 470 nm) or the dianion species (at around 490 nm) (37, 38) .
Figure 9
The J-V curves of each electrode are shown in Figure 10 , and their properties are summarized in Table 3 . The V oc of the dye-dispersing titania electrode increased with the dye content. The V oc value of the PE-S3 electrode was higher by about 70 mV than that of the PE-S0 electrode. This value was equal to the difference between their conduction band edges, about 70 mV. (39, 40) where E CB is the energy level of the conduction band edge, N CB is the total number of conduction band states in the semiconductor, n is the number of electrons in titania and q is the elementary charge of the electron. β is the defect condition in the porous titania. For the ideal case, i.e., a defect-free semiconductor material, β=1. From equation 1, the level of the conduction band edge of the titania and the concentration of electrons in the titania are two important factors determining V oc because E redox is assumed to be constant. The electron density in the titania films is determined by the balance between the electron injection and back electron transport (40, 41) . Based on these results, the V oc value mainly depends on the conduction band edge rather than the electron density in the conduction band. We suggested that the dye molecules and nitrate ions in the dye-dispersing titania slightly affected the electron density in the conduction band.
The values shown in Table 3 were much lower than those of the general dye-sensitized solar cells because the very thin titania films were used for the semiconductor layers in the present electrodes in order to obtain their exact absorbance and quantum efficiency. The IPCE at 500 nm, 17%, and internal energy conversion efficiency, 1.1%, were obtained using a thicker titania electrode coated with such a fluorescein-dispersing titania film in a previous study (42) . Furthermore, the DSSCs using crystalline titania electrodes coated with N3 dye-dispersing titania exhibited an IPCE at 520 nm, 75%, and an internal energy conversion efficiency, 1.1% (43) .
CONCLUSIONS
The titania and dye-dispersing titania electrodes were prepared by a nitric acid-catalyzed sol-gel process. We investigated the influence of the amounts of the dye and remaining nitrate ions in the dye-dispersing titania electrode on the change in the conduction band edge of the titania and the V oc of the electrode.
The Photo-CV curves of the electrodes indicated that the conduction band edge of the titania was more negative in the electrode containing a higher amount of the dye. Compared to the dye-free electrode WE-S0, the conduction band edge of the dye-dispersing electrode WE-S3 was shifted by about 70 mV in the negative direction. The FTIR spectra of the steam-treated dye-dispersing titania electrode showed that the dye-titania complex was formed and nitrate ions remained on the electrode. The Photo-CV curves of the titania electrode before and after the sodium hydroxide treatment showed that the conduction band edge of the titania was shifted by about 50 mV in the positive direction due to desorption of the nitrate ions. This result indicated that the nitrate ions adsorbed on the titania electrode caused a negative shift in the conduction band edge due to their negative charge. The substitution of the dye molecules for the nitrate ions on the titania surface was caused by the dye-titania complex formation. Consequently, the conduction band edge was more negative in the electrode containing a higher amount of the dye. As we predicted, the dye-titania complex formation also significantly affected the conduction band edge of the titania. Our investigation showed that the effect of the dye-titania complex formation on the shift in the titania conduction band edge (70 mV) was greater than that of the nitrate ion adsorption (50 mV) due to a strong interaction between the dye and titania through the carboxylate and quinone-like Figure captions Figure 1 Oxidation current of the Photo-CV of the titania electrode (WE-S0) and the dye-dispersing titania electrodes (WE-S1, WE-S2, and WE-S3).
Figure 2 XRD patterns of the titania electrode (WE-S0) and the dye-dispersing titania electrodes (WE-S1, WE-S2, and WE-S3).
Figure 3 SEM images of the titania electrode (WE-S0) and the dye-dispersing titania electrodes (WE-S1, WE-S2, and WE-S3).
Figure 4 FTIR spectra of the titania electrode (WE-S0), the dye-dispersing titania electrodes (WE-S1 and WE-S3), and fluorescein powder. PE-S1 PE-S2 PE-S3
